The detection of biomolecules has been a major research focus in science and technology for many decades given its myriad applications in molecular diagnostics, [ 1 , 2 ] environmental monitoring, [ 3 , 4 ] drug discovery, [ 5 ] and biological warfare agent detection, [ 6 ] among others. A large majority of modern detection assays rely on a labeling strategy where the target molecule is either tagged with a label (e.g., a fl uorescent dye [ 7 , 8 ] or a radioisotope [ 9 ] ) or coupled to an enzyme [ 10 ] to generate a detectable signal. Unfortunately, this labeling process often increases the time and expense required to perform the assay and can alter the functionality of the target biomolecules. [ 5 ] As such, a detection strategy that can directly target biomolecules without labeling would greatly facilitate the development of reliable, rapid, cost-effective, and easy-to-use biomolecular detection assays. To this end, a wide range of technologies have been evaluated for the direct detection of biomolecules, using surface plasmon resonance (SPR) spectroscopy, [ 11 ] microcantilever, [ 12 ] and quartz crystal microbalance (QCM); [ 13 ] however, the biomolecular detection process in all of these techniques must occur on a stationary solid substrate. This requirement leads to several shortcomings, including cumbersome surface-immobilization of capture molecules, slow binding kinetics due to diffusion limitations, and a distortion of intrinsic biomolecular interactions (the surface-bound nature of the capture molecules can result in undesirable orientation for binding, reduce the degrees of freedom available for capturing the target, and induce non-specifi c binding of targets), [ 14 , 15 ] all of which can deteriorate detection performance (reliability, reproducibility, sensitivity, and specifi city).
In contrast to the aforementioned stationary surfaceincorporated techniques, solution detection using nanomaterials (e.g., molecular beacons, [ 14 ] carbon nanotubes, [ 16 , 17 ] and inorganic nanoparticles [ 18 , 19 ] ) as capture platforms can offer a [20] [21] [22] This nanosheet features a variety of chemically reactive functionalities, with epoxy and hydroxyl groups decorating the basal plane and carbonyl and carboxylic acid groups lining the sheet edge; [ 23 , 24 ] all of which can be orthogonally functionalized for biomolecular detection. [ 25 , 26 ] In addition to these surface moieties, graphitic regions containing sp 2 -hybridized carbons remain on the basal plane, [ 27 ] having survived the harsh oxidative conditions of the synthesis. Such regions allow the graphene oxide sheet to retain an overall high degree of planarity (as demonstrated in thin-fi lm deposition and fabrication experiments), [ 28 , 29 ] a correspondingly high surface-to-volume ratio, [ 30 ] and strong quenching of fl uorescence from adsorbed organic dyes. [31] [32] [33] Similar fl uorescence quenching has been observed for other carbonaceous nanoparticles like graphene and carbon nanotubes, [34] [35] [36] allowing these particles to be used as platforms for "turn-on" sensing of DNAs, [ 17 ] proteins, [ 37 , 38 ] and other biomolecules.
Of the few reports that utilize graphene oxide for biomolecular detection via turn-on fl uorescence detection, [ 20-22 , 39-41 ] no study to date has considered the effects that the extent of oxidation on graphene oxide (as quantifi ed by its carbonto-oxygen (C/O) ratio) would affect its performance as a biosensor. In fact, it is quite surprising that none of the aforementioned reports have even documented the C/O ratio of the graphene oxide materials that were used, which can vary greatly depending on the extent of oxidation. [ 27 , 30 , 33 , 42 ] As the C/O ratio is a direct indicator of the abundance of the graphitic domains on graphene oxide (i.e., the higher the C/O ratio, the more abundant the graphitic domains), which in turn are primarily responsible for fl uorescence quenching of adsorbed dyes near their surface via energy transfer, [ 34 , 35 ] one would expect that this parameter will greatly affect the sensitivity and scope of the detection assay. While a few research groups have recently begun to compare the electrochemical properties [43] [44] [45] and fl uorescence quenching effi ciencies [ 46 , 47 ] of reduced graphene oxide and graphene oxide and attributed the observed property changes to the drastic differences in the abundance of the graphitic domains between these two very different materials, the effect of fi ne-tuning the C/O ratio of graphene oxide has not been explored. We hypothesize that such an investigation into the property changes that accompany the extent of oxidation in graphene oxide can be quite benefi cial in biological applications where solutions of reduced graphene oxide cannot be used directly due to their tendency to aggregate in the presence of electrolytes. [ 33 ] Herein, we report that small variations in the level of oxidation of graphene oxide not only strongly affect its fl uorescence quenching ability but also signifi cantly infl uence its binding interactions to single-stranded oligodeoxyribonucleotide (ssODN), leading to a broad range of DNA detection sensitivity and media-dependence. Among the graphene oxide samples that were examined, the least oxidized sample (C/O ratio = 1.9) exhibited nearly four times as much ssODN loading and ∼ 30% enhanced fl uorescence quenching efficiency in comparison to the most oxidized one (C/O ratio = 1.1), attributable to a stronger interaction between the less oxidized graphene oxide and the capture DNA strands. This high loading, together with a more facile capture-and-release kinetics in serum, allows the least oxidized graphene oxide to have ∼ 400% higher sensitivity than the more oxidized materials and enhances its sensitivity in serum by more than 30-fold above that in Tris-HCl buffer at low target concentrations (10-50 n m ), making this platform highly suitable for use in applications with biological fl uids. Interestingly, the moderately oxidized graphene oxide (C/O ratio = 1.6) platform exhibits the best DNA detection sensitivity in Tris-HCl buffer as compared to the least and the most oxidized graphene oxides.
Graphene oxide samples were prepared from graphite using a combination of Hummers oxidation [ 48 ] and exfoliation. Samples with different C/O ratios (1.1, 1.3, 1.6, and 1.9) were obtained either by varying the synthetic conditions, [ 30 , 49 ] or by exposing graphene oxide to an additional cycle of oxidation. [ 33 , 50 ] Analysis of the solid-state 13 C NMR spectra ( Figure 1 and Figure S1 in the Supporting Information (SI)) of these materials shows a near-linear relationship between their C/O ratios and the ratios of the peak areas for the graphitic sp 2 -hybridized carbons to those for the oxygenated carbons ( Figure S2 in the SI). It is clear that graphene oxide nanosheets with higher C/O ratios have more sp 2 -hybridized carbons that contribute to the graphitic domains of graphene oxide than those with lower C/O ratios. In spite www.small-journal.com of the different chemical compositions between our samples, their topographic morphology remains relatively unchanged as shown by atomic force microscopy (AFM), which reveals that the nanosheets in all samples are similar in size and thickness ( Figure 2 ). It has generally been accepted that the nucleobases of ssODNs can bind strongly to the basal plane of graphene oxide sheets, presumably via multiple π -π stacking interactions [20] [21] [22] that are similar to those observed in DNA-carbon nanotube "complexes". [ 51 ] This mode of binding forces the ssODNs to remain "lying down" in close contact with the sheet, which can effectively quench the fl uorescence of any ssODN-tethered chromophores. [20] [21] [22] As such, we hypothesize that the degree of binding interaction between graphene oxide nanosheets and fl uorescently labeled ssODNs, as well as the extent of fl uorescent quenching, can be tuned by varying the C/O ratios of the graphene oxide sample: varying the C/O ratios of graphene oxide would change the amount of residual graphitic domains on the basal planes of the graphene oxide sheets and modulate their interactions with ssODNs. In addition, reducing the extent of conjugation on the graphene oxide sheets would also lead to less effi cient quenching of the tethered fl uorescent labels.
To test the aforementioned hypothesis, we incubated four samples of graphene oxide nanosheets (C/O ratios = 1.1, 1.3, 1.6, and 1.9) with ssODNs that were pre-labeled with one of three different organic dyes (Cy5, Cy3, and Alexa Fluor546). After 2 h, these twelve different mixtures were subjected to centrifugation-fi ltering to remove unbound ssODNs ( Figure 3 a) . Subjecting the remaining ssODN-graphene oxide complexes to three cycles of [resuspension in water + centrifugation-fi ltering] left no observable free ssODNs in the fi ltrate solution, as monitored by UV-vis spectroscopy, suggesting that the graphene oxide-loaded ssODNs were strongly bound to all samples. The complexes were then redispersed in water, and the amounts of dye-tagged ssODNs loaded on the graphene oxide nanosheets were quantifi ed using UV-vis spectroscopy.
Along with the absorption spectra of the ssODNgraphene oxide complexes ( Figure S3 in the SI), plots of ssODN loading amount (Figure 3 b) and ssODN loading yield (Figure 3 c) as a function of C/O ratio reveal a consistently increased loading of ssODNs onto the graphene oxide nanosheets as their C/O ratio increases. For the sample with the highest C/O ratio (1.9), ∼ 20 wt% of dye-tagged ssODNs was loaded onto graphene oxide nanosheets, corresponding to a loading yield of ∼ 70%. In stark contrast, the sheets having the lowest C/O ratio (1.1) exhibit a loading amount of only ∼ 6 wt%, equivalent to a loading yield of ∼ 20%. Together with the solid-state NMR data for the four graphene oxide samples (see discussion above), this data clearly suggests a strong correlation between the C/O ratio of graphene oxide and its strength of interaction to ssODNs: the presence of higher concentrations of graphitic regions enables graphene oxide with higher C/O ratios to bind more strongly to ssODNs.
In combination with the ssODN loading amount data (Figure 3 b) , the fl uorescence intensity of the dye-tagged ssODN-graphene oxide complexes allows us to quantify the fl uorescence quenching effi ciency (FQ eff ) of graphene oxide for physisorbed dye-tagged ssODNs using the equation FQ eff = ( A UV -A FL )/ A UV , where A UV and A FL are the amounts of dye-tagged ssODNs loaded onto the graphene oxide sheet, as calculated respectively from the UV-vis and the fl uorescence data. As the C/O ratio of graphene oxide increases, an increased fl uorescence quenching effi ciency is observed (Figure 3 d) . Graphene oxide with the highest C/O ratio (1.9) exhibits a fl uorescence quenching effi ciency of > 99% for all dyes, in contrast to the poorer quenching effi ciency ( ∼ 70%) by graphene oxide with the lowest C/O ratio (1.1). Similar to the aforementioned trends in loading amount and yield of dye-tagged ssODNs, the increased quenching effi ciency at high C/O ratios can be directly linked to the extent of oxidation of the nanosheets, which directly affects the area of residual graphitic domains on the sheet surface.
Our results thus far suggest that the level of oxidation in graphene oxide can be readily tuned to infl uence its fl uorescence quenching ability and binding interaction with ssODNs, and thus different DNA sensing performances. To this end, complexes of Alexa Fluor 546-tagged capture ssODNs and graphene oxide nanosheets were incubated with the complementary target DNAs at different concentrations in Tris-HCl buffer solution and fetal bovine serum (FBS) for 1 h, respectively. In the presence of target DNAs, the dye-labeled capture ssODNs that were originally bound to graphene oxide nanosheets will hybridize to the target DNAs in solution and be released from the sheets, leading to restoration of the Step i: physically combining of the dye-tagged ssODNs (dye = Cy5, Cy3, and Alexa Fluor546) with the graphene oxide nanosheet.
Step ii: removal of unbound ssODNs and isolation of the ssODN-graphene oxide complexes through centrifugation and fi ltration. b,c) Loading amount (b) and loading yield (c) of dye-tagged ssODNs when exposed to graphene oxide samples (50 μ g) with different C/O ratios (1.1, 1.3, 1.6, and 1.9) for 2 h. d) The corresponding fl uorescence quenching effi ciency of these four samples of graphene oxide nanosheets (50 μ g) against dye-tagged ssODNs that has been physisorbed on the nanosheet surfaces. Each experiment was repeated three times with three different dye-tagged ssODNs. A color reproduction of this fi gure is available in the SI as Figure S9 .
previously quenched dye fl uorescence ( Figure 4 a) . [20] [21] [22] This then provides a ready means for detecting the target DNAs via fl uorescence spectroscopy. We note that if the attractive interaction between the dye-labeled capture ssODNs and the graphene oxide nanosheets is stronger than the hybridization interaction between the capture ssODNs and the target DNAs, as that occurs in reduced graphene oxide, most of the capture ssODNs would stay on the graphene oxide surface even in the presence of the target DNAs. This is indeed what happened when a lightly reduced graphene oxide nanosheet (C/O ratio = ∼ 4) is used in our experiment.
As we suspected at the onset of this work, the DNA detection sensitivity of the graphene oxide complex could be changed signifi cantly by the extent of oxidation of graphene oxide (Figure 4 b,c) , mainly due to the differences in binding interactions between each graphene oxide sample and dyetagged ssODNs. The graphene oxide nanosheets with the highest C/O ratio (1.9) show superior sensitivity in serum (Figure 4 c) , where a plethora of extraneous biomolecules such as proteins, antigens, antibodies, and hormones can also interact strongly with graphene oxide and interfere in DNA detection by releasing dye-tagged ssODNs from the graphene oxide surface prematurely. Notably, at low target concentration (10-50 n m ), the fl uorescence intensity for the experiment in serum is 1000% that in Tris-HCl buffer even though only less than 30% of the original DNA loading is left after 1 h exposure to serum (see Table S5 in the SI). At 10 n m target concentration, the detection sensitivity in serum is enhanced by more than 30 times that in Tris-HCl buffer when calculated on a per-capture-DNA-strand basis (see Figure S6 in the SI).
We attribute the aforementioned phenomenon to a delicate balance between the loading capacity of the graphene oxide sheets and their capture-and-release kinetics (of the target ssODNs): while the total amount of grapheneoxide-bound dye-tagged ssODNs greatly decreased in , and 1.9 (fi lled squares). For each plot, measured fl uorescence intensity data were corrected by subtracting against the baseline solution fl uorescence prior to the addition of target DNA. In Tris-HCl buffer, the recovered fl uorescence signal for the least oxidized sample still did not reach saturation after 1 h, suggesting that there are still more ssODNs being bound to the surface. A color reproduction of this fi gure is available in the SI as Figure S10. communications serum, reducing the total overall fl uorescence capacity of the platform, the strength of the attractive interaction of ssODNs to the graphene oxide surface also decreased due to competing interactions by the aforementioned extraneous biomolecules. The result is an overall more facile captureand-release process that can generate higher fl uorescent signals upon addition of the target DNA, if there is still a signifi cant amount of dye-tagged ssODNs bound to the graphene oxide surface. Indeed, control experiments show that dye-tagged ssODNs could be released from the sheets of all ssODN-loaded graphene oxide samples upon addition to serum, even in the absence of their complementary target DNAs ( Figure S7 in the SI) . In spite of this loading loss, the graphene oxide with the highest C/O ratio (1.9) can still hold more of the dye-tagged ssODNs for DNA detection in serum due to its stronger binding interaction with ssODNs than the more oxidized graphene oxides (C/O ratios = 1.1, 1.3, and 1.6) (Figure 4 , see also Table S5 in the SI). In combination with the more facile capture-and-release process described above, the net result is an enhanced fl uorescent signal for the least oxidized graphene oxide in serum comparing to that in Tris-HCl buffer (cf. Figure 4 c,b) .
Consistent with the aforementioned explanation, the graphene oxide with the lowest C/O ratio (1.1) tends to exhibit poor sensitivity in both Tris-HCl buffer and serum due to a combination of weak binding interaction with ssODNs and low loading of ssODNs, despite outstanding dispersibility in electrolyte solution and even in serum. [ 33 ] With intermediate ssODN loadings and binding interaction, the "moderately oxidized" graphene oxide nanosheets (C/O ratios = 1.3 and 1.6) have the best combination of features for DNA sensing and can exhibit better sensitivity over a broad range of target DNA concentrations in Tris-HCl buffer solution than the nanosheets with the highest and the lowest C/O ratios (1.9 and 1.1, Figure 4 b). We note that all ssODNgraphene oxide complexes, where negatively charged ssODNs adsorb on the surface of the graphene oxide nanosheets and aid in their aqueous solubilities, were well-dispersed in TrisHCl buffer solution without any visible aggregates, as confi rmed by dynamic light scattering (DLS) measurement (see Tables S3 and S4 in the SI). In the absence of ssODNs, however, the graphene oxide nanosheets with the highest C/O ratio (1.9) aggregate quickly upon being added into the TrisHCl buffer solution.
In summary, we have demonstrated the tunable capabilities of graphene oxide for fl uorescence quenching against organic dyes and binding interaction with dye-tagged ssODNs. Graphene oxide samples with different C/O ratios (1.1, 1.3, 1.6, and 1.9) can be readily prepared and complexed with ssODNs. Graphene oxide samples with high C/O ratios can bind more strongly to ssODNs and quench the fl uorescence of organic chromophores more effectively than those with low C/O ratios. The least oxidized graphene oxide (C/O ratio = 1.9) examined in this study can be loaded with nearly four times more dye-tagged ssODNs than the most oxidized one (C/O ratio = 1.1) and also has 30% more enhanced fl uorescence quenching effi ciency in water. At low target concentrations (10-50 n m ), the detection sensitivity in serum for the least oxidized graphene oxide, as measured by fl uorescence intensity on a per-capture-DNAstrand basis, is over 30-fold that in Tris-HCl buffer, making this platform highly suitable for use in applications with biological fl uids.
Notably, the fi nely tunable chemical compositions of graphene oxide allow it to be used as a fl exible DNA sensing platform, as distinctly different DNA-detection performance profi les can be achieved in Tris-HCl buffer solution and serum by simply varying the C/O ratio of the graphene oxide nanosheets. As a versatile platform for developing a nanomaterial-based DNA sensor, graphene oxide nanosheets can offer a broad range of materials having different fl uorescence quenching effi ciencies and binding interactions with ssODNs, in contrast to other nanomaterials without such tunable features. Together with its other desirable properties, including excellent water solubility, [ 33 , 52 ] good biocompatibility, [ 53 , 54 ] facile surface modifi cation, [ 25 , 26 ] and strong fl uorescence quenching ability, [ 31 , 32 ] this newly found accessible versatility of graphene oxide as a DNA detection platform without target labeling should spur new efforts toward the application of graphene oxide in the development of a reliable and easy-to-use biomolecular detection assay tool.
Experimental Section
Characterization : Elemental analysis (EA) was carried out by Atlantic Microlabs (Norcross, GA). Karl Fischer titration of the water content in graphene oxide samples was carried out using a C20 Compact Karl Fischer Coulometer (Mettler Toledo, Columbus, OH). The resulting water content of the graphene oxide is then used to eliminate the contribution of water to the EA-determined C/O ratio (see Tables S1 and S2 and the accompanying discussion in the SI). UV-vis absorption and fl uorescence emission spectra were obtained on a CARY 300 Bio UV-vis spectrophotometer (Varian Medical Systems, Inc., Palo Alto, CA) and a Jobin Yvon Fluorolog fl uorometer (excitation wavelength: λ ex = 647, 546, and 546 and emission wavelength: λ em = 664, 563, and 569 nm for Cy5, Cy3, and Alexa Fluor 546, respectively; slit width = 3 nm), respectively. Details for tapping-mode AFM experiments, solid-state 13 C MAS NMR spectra collection, and calculation of the C/O ratios of the graphene oxide samples are available in the SI.
Preparation of Graphene Oxide Nanosheets : Graphite was oxidized to graphite oxide using a modifi cation of the Hummer's method. [ 48 ] A suspension of graphite oxide in water was exfoliated into an aqueous dispersion with ultrasonication (Vibra-Cell VC 505 (500 watts), Sonics & Materials, Inc., Newtown, CT). Details for preparing graphene oxide nanosheets are available in the SI.
Preparation of Dye-Tagged ssODN-Graphene Oxide Complex : An aliquot of dye-tagged ssODN solution (10 μ L of a 200 μ M solution) was added to an aliquot of graphene oxide solution (490 μ L of a 0.102 mg mL − 1 solution) prior to brief vortexing (S/ P® Vortex Mixer (American Scientifi c Products, Charlotte, NC)). After 2 h incubation in the dark at room temperature, the solution was mixed with aqueous NaCl (500 μ L of a 2 N solution) and further incubated for 30 min in the dark at room temperature to precipitate dye-tagged ssODN-graphene oxide complexes. The solution was centrifuged at 14 000 g for 30 min and the supernatant was discarded to remove unbound dye-tagged ssODNs. The collected ssODN-graphene oxide complexes were washed twice by the following cycle: dissolving in aqueous NaCl (500 μ L of a 2 N solution), centrifuging at 14 000 g for 30 min, and discarding the supernatant. The isolated ssODN-graphene oxide complexes were then dissolved in ultrapure deionized water (400 μ L) and purifi ed again with an Amicon Ultra centrifugal fi lter (100 kDa molecular weight cut-off (MWCO), EMD Millipore, Billerica, MA) via centrifugation at 14 000 g for 30 min to remove NaCl and residual unbound ssODNs. The materials remaining on the fi lter were then washed twice with ultrapure deionized water (2 × 400 μ L) via centrifugation at 14 000 g for 30 min. The purifi ed ssODN-graphene oxide complexes were isolated from the fi lter and redispersed in ultrapure deionized water (1 mL) for further analysis with UV-vis and fl uorescence spectroscopies. Details for UV-vis absorption and fl uorescence measurements and their analyses are available in the SI.
DNA Detection Assay : The as-prepared complex of Alexa Fluor 546-tagged ssODNs and graphene oxide sheets (5 μ g) was dissolved in 20 m M Tris-HCl buffer solution (1 mL, pH 7.4, containing 100 m M NaCl) and FBS, respectively. After 1 h incubation to achieve a constant background fl uorescence signal (see Figure S7 in the SI), appropriate amounts of complementary target ssODNs were added to the solutions, followed by 1 h incubation in the dark at room temperature prior to fl uorescence measurement.
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